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Edited by Gianni CesareniAbstract Pan1 is an actin patch-associated protein involved in
endocytosis. Our studies revealed that in oleate-grown cells
Pan1 is located in the nucleus as well as in patches. One of three
putative nuclear localization signals (NLS) of Pan1, NLS2,
directed b-galactosidase (b-gal) to the nucleus. However, GFP-
Pan18861219, containing NLS2, was found in the cytoplasm indi-
cating that it may contain a nuclear export signal (NES). A
putative Pan1 NES, overlapping with NLS3, re-addressed
NLSH2B-NES/NLS3-b-gal from the nucleus to the cytoplasm.
Inactivation of the NES allowed NLS3 to be eﬀective. Thus,
Pan1 contains functional NLSs and a NES and appears to
shuttle in certain circumstances.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Endocytosis is important for nutrient uptake, receptor or
pathogen internalization and plasma membrane maintenance.
It requires coordinated interaction among molecules in the
membrane and cell cortex, including actin, actin-binding,
signalling, adaptor and coat proteins [1]. Endocytic proteins
include a family of Eps15 homology (EH) domain-containing
proteins comprising mammalian Eps15, intersectin and yeast
proteins Pan1, End3 and Ede1 [2]. EH domains bind proteins
containing a NPF motif, thus building an EH-network. Eps15
and Pan1 constitute a scaﬀold which interacts with many other
proteins [3] via EH and other domains. Eps15 interacts with
epsins, Hrb1, Numb, synaptojanin [4] and the clathrin adaptor
complex. It is ubiquitinated by ubiquitin ligases parkin and
Nedd4 [5], contributing to ubiquitin and ubiquitin-like net-
works. Pan1 binds End3, intersectin-like protein Sla1 [6], yeast
epsins Ent1 and Ent2 [7], clathrin-binding proteins Yap1801
and Yap1802 [3], F-actin [8], Sla2 [9], Arp2/3 actin nucleating
complex proteins [10] and the type I myosins Myo3 and Myo5
[11].Abbreviations: NES, nuclear export signal; NLS, nuclear localization
signal
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is in the cytoplasm, several of them like Eps15, epsins, HIP1, a
human homologue of Sla2 [12], and yeast Scd5, a targeting
protein of phosphatase 1 involved in endocytosis [13], or
Sla1 [14] exist in the nucleus where they apparently perform
a function independent of endocytosis. Controlled bi-direc-
tional transport of proteins between the nucleus and the cyto-
sol is a regulatory mechanism for various cellular processes,
e.g. cell cycle progression and stress response [15]. The nuclear
functions of endocytic proteins are for the most part unknown
but some of them are involved in modulation of transcription.
These proteins may regulate transcription factors or take part
in cell-surface-to-nucleus signalling.
Here, we report that the yeast endocytic and actin-binding
protein Pan1 is localized in the nucleus in oleate-grown cells.
Import of proteins over 50 kDa to the nucleus requires the
presence of an nuclear localization signal (NLS) and export re-
quires an nuclear export signal (NES) [16]. Three putative
NLSs (NLS1, aa 727–733; NLS2, aa 1024–1040; and NLS3,
aa 1145–1161) in Pan1 were tested for their capacity to direct
the reporter protein b-galactosidase (b-gal) to the nucleus.
Only NLS2 (1024-KKRMKEKLAKFDKNRRN-1040) direc-
ted the reporter protein b-gal to the nucleus. The four under-
lined lysines of NLS2 were found to be critical for its
activity. However, a GFP-Pan18861219 fusion containing a lar-
ger fragment of Pan1, encompassing NLS2, was not observed
in the nucleus. This indicated that the Pan1 fragment aa
886–1219 might contain sequences docking the protein in the
cytoplasm or contains a NES, or both. Computer analysis
indicated Pan1 aa 1147-LQEELKRLKLKKKADK-1162 as
a putative NES and immunoﬂuorescence experiments showed
that this sequence was indeed able to transfer reporter fusion
protein NLSH2B-NES/NLS3-b-gal from nucleus to cytoplasm.
Substitutions of underlined leucines inactivated the NES and
allowed us to observe activity of overlapping NLS3. Our re-
sults indicate that Pan1 contains one independently functional
NLS and a second NLS that overlaps with a functional NES,
and as such is potentially a shuttling protein.2. Materials and methods
2.1. Yeast strains and media
The Saccharomyces cerevisiae strain used was T8-1D [17]. Yeast
were grown at 28 C on rich media containing 2% glucose (YPD) or
2% ethanol and 0.25% oleic acid (YPEO) as a carbon source or on
selective media SC-ura or SC-leu containing 2% glucose and supple-
mented with required amino acids.blished by Elsevier B.V. All rights reserved.
5372 J. Kamin´ska et al. / FEBS Letters 581 (2007) 5371–53762.2. Plasmids and plasmid constructions
To construct plasmids expressing NLS-lacZ fusions, PCR-ampliﬁed
fragments encoding putative NLSs, were cloned individually into the
BamHI site of pFB1-7a plasmid [18]. Oligonucleotides used are listed
in supplementary table (ST1). To test for nuclear export function a
fragment encoding putative NLS3/NES was cloned into pFB1-67a [18].
DNA fragments encoding aa 634–884 or aa 886–1219 of Pan1 were
ampliﬁed by PCR with speciﬁc primers (ST1) and pT4 plasmid [17] as
a template and were cloned into pGEM-T Easy Vector (Promega).
EcoRI fragments were then transferred from pGEM-based plasmids
to pUG36 (from J. Hegemann, University of Du¨sseldorf) to obtain
plasmids expressing the respective GFP-PAN1 fusions. All PCR frag-
ments were sequenced after cloning.
2.3. Site directed mutagenesis
For NLS2 and NES mutagenesis the Stratagene QuikChange Site-
Directed Mutagenesis method was employed. Mutagenic PCR was
performed using speciﬁc oligonucleotides (ST1) and plasmid pGEM-
PAN18861219 as a template. After mutagenesis regions encoding mu-
tant nls2 or nes, were PCR-ampliﬁed, cloned into pFB1-7a or pFB1-
67a and sequenced.
2.4. Total protein extracts and Western blot analysis
Protein extracts were prepared as described earlier [19]. Samples
were analyzed by Western blotting method using antibodies: anti-b-
gal (Promega), anti-GFP (BD Biosciences Clontech), anti-Vma2
(Molecular Probes) and secondary anti-rabbit or anti-mouse HRP-
conjugated antibody (DACO), followed by ECL (Amersham).
2.5. Fluorescence microscopy
For immunoﬂuorescence (IF) cells were grown on glucose or ethanol
and oleic acid containing media (YPD, YPEO, SC-leu), ﬁxed with
formaldehyde and processed as described previously [19]. Pan1 protein
was localized using anti-N-term-Pan1 antibody [20] and b-gal was
localized using anti-b-gal antibody (Promega), followed by anti-rabbit
FITC- or Cy3-conjugated secondary antibody (Jackson Immuno-
Research Lab.). For GFP ﬂuorescence cells were grown in SC-ura
medium, stained with DAPI and washed. Cells were viewed by an
Eclipse (Nikon) ﬂuorescence microscope equipped with a Hamamatsu
ORCA 100 camera. Images were collected using Lucia G software.Fig. 1. Pan1 is located in the cytoplasm and in the nucleus of oleate-
grown cells. Wild-type cells were grown on YPD or YPEO and
processed for IF using anti-N-term-Pan1 antibody and DAPI staining.
The nuclei in which Pan1 co-localizes with nuclear DNA stained by
DAPI are indicated by arrows.3. Results
3.1. In wild-type cells grown on oleate medium a fraction of Pan1
protein is located in the nucleus
Pan1 protein was found to be important for growth of cells
on media containing oleic acid as a sole carbon source [21]. To
further characterize the role of Pan1 in these growth condi-
tions, its cellular localization was determined by IF micro-
scopy. Pan1 localization in cells grown on YPD medium
showed staining characteristic for actin patch components
[22]. Surprisingly, cells grown on YPEO medium showed weak
Pan1 signal in actin patches, but additionally Pan1 was dif-
fused in the cytoplasm and concentrated in the nucleus
(Fig. 1). Cultivation of cells in ethanol medium did not result
in nuclear localization of Pan1 (not shown). These results indi-
cate that in addition to being located in cortical patches Pan1
can be imported to the nucleus and this import is regulated by
the carbon source.
3.2. Pan1 protein contains an NLS suﬃcient to deliver a reporter
protein to the nucleus
Large proteins, like Pan1, must contain an NLS to be im-
ported to the nucleus [16]. PSORT II analysis of Pan1 se-
quence revealed three putative NLSs; monopartite NLS1 and
bipartite NLS2 and NLS3 (Fig. 2A). We studied the activity
of these putative NLSs by testing their ability to target thecytoplasmic reporter protein b-gal to the nucleus. Plasmids
encoding NLS1-b-gal, NLS2-b-gal and NLS3-b-gal fusions
were transformed into yeast cells giving similar expression lev-
els (Fig. 2B, left panel). However, only NLS2 was able to
transfer b-gal to the nucleus (Fig. 2C, left panel).
To determine whether the NLS activity maps to the putative
bipartite NLS2 motif we altered its sequence (Fig. 2A). Mutant
nls2-b-gal fusion protein with all four lysines of NLS2 replaced
with asparagines (Fig. 2A) was expressed and was not ob-
served in the nucleus (Fig. 2B and C, right panels) indicating
that mutant nls2 is inactive.
From these results we conclude that Pan1 has the potential
to be transported to the nucleus by using the NLS2 signal
and that the lysines of NLS2 are important.
3.3. Pan1 protein contains a functional NES
To analyze how sequences surrounding NLS signals aﬀect
their function, localization of GFP fusion proteins with larger
fragments of Pan1 (Fig. 3A) was studied by ﬂuorescence micro-
scopy. GFP-Pan1634884 was expressed (Fig. 3B) and was local-
ized in the cytoplasm (Fig. 3C), as was the NLS1-b-gal fusion
(Fig. 2C, left panel), conﬁrming that this region contains no
functional NLS. In contrast to the NLS2-b-gal fusion, GFP-
Pan18861219 fusion protein containing the fragment encom-
passing NLS2, was found in the cytoplasm and in cytoplasmic
dots but not in the nucleus (Fig. 3C). This shows that sequences
surrounding NLS2 contain a NES and/or a docking motif.
The analysis of Pan1 sequence using NetNES software [23]
indicated aa 1147–1162 as a potential NES (Fig. 4A). This se-
quence overlaps putative NLS3 and a F-actin binding WH2-
like domain [8] (Fig. 4A). To test this NES activity a plasmid
encoding NLSH2B-NES/NLS3-b-gal fusion was constructed. It
contains sequences encoding a strong NLS from histone H2B
Fig. 3. Sequences surrounding NLS2 of Pan1 recruit fusion protein to cytoplasmic complexes. (A) Diagram of fusion proteins containing GFP and
fragments of Pan1. For comparison, a diagram of Pan1 is shown as in Fig. 2A. (B) Western blot of protein extracts from cells transformed with
plasmids encoding GFP-Pan1634884 or GFP- Pan18861219 reporter fusions grown in SC-ura medium. Lower panel as in Fig. 2B. (C) Fluorescence of
the same cells as in B and cells transformed with control plasmid encoding GFP, stained with DAPI.
Fig. 2. NLS2 of Pan1 is able to transfer the reporter protein to the nucleus and lysines are important for its activity. (A) Domain organization of
Pan1. Glutamine-rich region (Q), Eps15 homology (EH) domain, coiled-coil domain (CC), acidic stretch (A), proline-rich region (P), putative NLS
(NLS1, NLS2, NLS3) and WH2-like domain are shown. The aa sequences of NLSs; substitutions in mutant nls2 are underlined. (B) Western blot of
protein extracts from cells transformed with plasmids encoding NLS1-b-gal, NLS2-b-gal, NLS3-b-gal (left panel) and mutant nls2-b-gal reporter
fusions (right panel) grown in SC-leu medium. Lower panel is the loading control, Vma2 subunit of V-ATPase. (C) IF of the same cells as in B
performed using anti-b-gal antibody. Nuclear DNA was stained with DAPI.
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protein was expressed at a level similar to the control fusionNLSH2B  b-gal (Fig. 4B, left panel). IF microscopy revealed
that the putative NES of Pan1 was indeed able to export the
Fig. 4. Pan1 contains an active NES and its inactivation activates NLS3. (A) Amino acid sequences of WH2-like domain, NLS3 and NES;
substitutions in mutant nes sequence are in bold. (B) Western blot of protein extracts from cells transformed with plasmid encoding NLSH2B  b-gal,
NLSH2B-NES/NLS3-b-gal (left panel) or mutant NLSH2B-nes/NLS3-b-gal and nes/NLS3-b-gal reporter fusion (right panel) grown in SC-leu
medium. Lower panel as in Fig. 2B. (C) IF of the same cells as in B performed with anti-b-gal antibodies. Nuclear DNA was stained with DAPI.
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(Fig. 4C, left panel).
Substitutions of leucines in NES (Fig. 4A) reduced
NLSH2B-nes/NLS3-b-gal expression (Fig. 4B, right panel).
Nevertheless, in some cells the level of the protein was suﬃ-
ciently high to allow visualization. In those cells a defect in
the transport of NLSH2B-nes/NLS3-b-gal from the nucleus
was visible (Fig. 4C, right panel). This data documents that
the NES of Pan1 is active and that leucines are necessary for
its activity. We then checked if inactivation of NES aﬀects
the activity of the overlapping NLS3 by analyzing the localiza-
tion of nes/NLS3-b-gal fusion. The protein was stably
expressed (Fig. 4B, right panel) and localized to both cyto-
plasm and nucleus (Fig. 4C, right panel) indicating that
NLS3 became active when the NES was inactivated.4. Discussion
Previously we found that Pan1, a cortical actin patch-associ-
ated protein, is important for apical growth of yeast cells on
oleic acid-containing medium [21]. Studies of Pan1 localization
revealed a nuclear pool in addition to a cytoplasmic one in cells
grown on this medium. Two NLS signals were found which
were active in transporting a b-gal reporter to the nucleus,
although NLS3 was active only after inactivation of theNES. This NES was active in transporting the otherwise nucle-
ar protein fusion NLSH2B  b-gal to the cytoplasm. NLS2 and
the NES were inactivated when the four or three amino acids
matching the consensus sequence of classical NLS and NES,
respectively, were substituted with asparagines or alanines.
These ﬁndings indicate that Pan1 can potentially be a shuttling
protein performing an as yet unknown nuclear function.
Whether the nuclear pool of Pan1 contributes to or is required
for growth on oleate is not clear yet.
NLS and NES functioning is regulated by intramolecular
interactions with surrounding sequences, posttranslational
modiﬁcations and by interaction with other proteins, nucleic
acids and small molecules in response to diﬀerent stimuli
[24]. Finding a nuclear pool of Pan1 protein only in cells grown
on oleate medium indicates that nuclear import/export of Pan1
is regulated by the carbon source. Using fusions with b-gal as a
reporter [18] we concluded that NLS1 was inactive, NLS2 was
active and NLS3 became active after inactivation of an over-
lapping NES. However, the experiment was performed on glu-
cose medium and in these conditions the nuclear pool of Pan1
may be too small to be visible in IF experiments, or absent. We
could not study the activity of NLS/NES signals in cell grown
on oleate medium since there was the very low expression of
fusion genes in these conditions (our unpublished observa-
tions). Thus, it is possible that NLS1 could be functional in
conditions other than those studied here.
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function. They are also part of a larger WH2-like domain re-
quired, but not suﬃcient, for Pan1-F-actin binding [8] which
may contribute to Pan1 localization by modulating NLS3/
NES action. However, the WH2-like domain is unlikely to
be responsible for GFP-Pan18861219 docking in the cytoplasm
since Pan1 binds to cortical patches before binding to F-actin
[25] and de-polymerization of F-actin by incubation of cells
with latrunculin A did not change GFP-Pan18861219 localiza-
tion (our unpublished results). Substitution of leucines in NES
would likely aﬀect WH2-like function in full-length Pan1 since
these leucines are conserved in WH2 domains, but the frag-
ment containing NLS3/NES studied here seems to be too small
for F-actin binding. On the other hand, actin binding to Pan1
protein in the nucleus may mask NES and contribute to the
increase of its nuclear pool. Future studies of Pan1-
KE(1156,1157) mutant protein [8] which does not bind actin
may help to reveal the relation between the WH2-like domain
and NES.
There is evidence showing that several structural proteins,
such as b-actin, spectrin, caveolin-1, and clathrin heavy chain,
in addition to their roles in endocytosis, function in chromatin
remodeling and transcription in the nucleus [12,26]. In line
with these and our ﬁndings the Pan112421480 fragment was re-
cently found to interact with a histone demethylase complex
[27]. Pan1 being rich in glutamines is likely to aﬀect gene
expression.
Is the nuclear localization of Pan1 required for growth of
cells on oleate medium? Our observation that pan1-9 mutant,
which expresses Pan1 aa 1-859 devoid of NLS2 and NLS3
grows on oleate suggests the answer to be negative [21]. This
conclusion is consistent with our observation that End3p,
which is also important for growth on oleate [21], is not found
in the nucleus of cells grown on this medium, although End3
contains a functional NLS (unpublished). However, we cannot
exclude that NLS1 is active on oleate medium or non-classical
NLS is present in Pan1-9 protein. Alternatively, Pan1 protein
could be transported to the nucleus together with its partners,
for example Sla1. Answering the above question requires fur-
ther study. In addition, the importance of Pan1 shuttling for
its functions in endocytosis and actin cytoskeleton organiza-
tion remains to be determined. There is an example of yeast
Scd5 protein whose shuttling and endocytic functions are inde-
pendent [14] while the opposite is true for Sla1 [13].
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